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(54) Conductivity modulated MOSFET 

(57) A conductivity modulated MOSFET, having a semiconductor substrate (10) of a first conductivity type, a 
semiconductor layer (1 2) of a second conductivity type formed on the semiconductor substrate and having a high 
resistance, a base layer (22) of thefirst conductivity type formed in the semiconductor layer, a source layer (26) of the 
second conductivity type formed in the base layer, a gate electrode (20) formed on a gate insulating film (13) which is 
formed on a channel region, the channel region being formed in a surface of the base layer between the semiconductor 
layer and the source layer, a source electrode (30) ohmic-contacting the source layer and the base layer, and a drain 
electrode (32) formed on the surface of the semiconductor substrate opposite to the semiconductor layer, characterized 
in that the conductivity modulated MOSFET has a saturation current smallerthan a latch-up current when a 
predetermined gate voltage is applied to the gate electrode. Alternatively the drain electrode may be formed on the 
same surface as the source electrode to provide a lateral MOSFET. 
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SPECIFICATION 

Conductivity modulated MOSFET 

5 The present invention relates to a conductivity 
modulated MOSFET. 

A conductivity modulated MOSFET has a drain 
region whose conductivity type is opposite to that of a 
source region of a normal power MOSFET. Typical 

10 examples of conventional conductivity modulated 
MOSFETs are described by M.F. Chang et al., "25 
AMP, 500 Volt Insulated Gate Transistors'M983 IEEE 
IEDM Technical Digest PP. 83 - 86 and by A.M. 
Goodman et al., "Improved COMFETs with Fast 

1 5 Switching Speed and High-current Capability", 1 983 
IEEE IEDM Technical Digest PP. 79-82. 

Such a conductivity modulated MOSFET has a 
parasitic p-n-p-n thyristor. When the parasitic thyristor 
is turned on, the MOSFET cannot be turned off even if 

20 a voltage across the gate and source thereof is zero. 
The element is often damaged. The parasitic thyristor 
is turned on since holes injected from the p + -type 
drain layer into an n~-type drain region pass into the 
source electrode through a p-type base layer. In other 

25 words, when a hole current flows through the p-type 
base layerand voltage drop across a resistor of the 
base layer immediately under the source layer ex- 
ceeds 0.7 V, electrons are injected from the source 
layer to turn on the parasitic thyristor. This phe- 

30 nomenon is described in the above-mentioned "25 
AMP, 500 Volt Insulated Gate Transistors". 

In orderto prevent such a latch-up phenomenon, 
various proposals have been made including the two 
papers described above. The present invention, 

35 however, has been made to prevent the latch-up 
phenomenon from another viewpoint. 

It is an object of the present invention to provide a 
conductivity modulated MOSFET which prevents a 
latch-up phenomenon caused by a parasiticthyristor. 

40 In order to achieve the above object of the present 
invention, there is provided a conductivity modulated 
MOSFET, comprising : a semiconductor substrate of a 
first conductivity type which has first and second 
surfaces; a high resistance semiconductor layer of a 

45 second conductivity type which is formed on the first 
surface of the semiconductor substrate and has a high 
resistance, the high resistance semiconductor layer 
being provided with a third su rface contacting the first 
surface and a fourth surface opposite to the third 

50 surface; a base layer of the first conductivity type 
which is formed in thefourth surface of the high 
resistance semiconductor layer; a source layer of the 
second conductivity type which is formed by diffusion 
in the base layer; a gate electrode formed on a gate 

55 inisulating film which is formed on a channel region, 
the channel region being formed in a surface of the 
base layer between the fourth surface of the high 
resistance semiconductor layer and the source layer; 
a source electrode ohmic-contacting the source layer 

60 and the base layer; and a drain electrode formed on 
the second surface of the semiconductorsubstrate, 
characterized in that the conductivity modulated 
MOSFET has a saturation current smaller than a 
latch-up current when a predetermined gate voltage is 

65 applied to the gate electrode. 



With the above arrangement, the current flowing 
through the conductivity modulated MOSFETis al- 
ways smaller than the latch-up current, thereby 
preventing the latch-up phenomenon in principle. 
70 There are several methods for setting the saturation 
current of the conductivity modulated MOSFET to be 
smallerthan the latch-up current. The following 
methods are included therein as will be described in 
detail with reference to the preferred embodiments. 
75 (1) To satisfy (W-SG)/{T-l-d)< 1.46 x 10 8 where 
W: an overall channel width (urn) per unit area (1 13 2 ) 
of an effective element region 
SG: an area (jam 2 ) of a portion of the gate electrode 
which is formed immediately on the high resistance 
80 semiconductor layer within the unit area 

T: an overall circumferential length (pm) of the base 
layer within the unit area 
I: a channel length (urn) and 
d: a thickness (pm)ofthe gate insulating film. 
85 (2) Tosatisfy (W-SG)/(T-l-d) < 1.1 x 10 s where 
W: the overall channel width (um) per unit area (1 
cm 2 ) of an effective element region 
SG : an area (um 2 ) of a portion of the gate electrode 
which is formed immediately on the high resistance 
90 semiconductor layer within the unit area 

T: an overall circumferential length (pm) of the base 
layer within the unit area 
I: a channel length (um) and 
d: a thickness (jam) of the gate insulating film. 
95 (3) To form portions which are not or can hardly be 
subjected to MOSFET operation between the source 
electrode and the fourth surface of the high resistance 
semiconductor layer. The portions which are not 
subjected to MOSFET operation are formed as por- 

1 00 tions without the source layer along the direction of 
the channel width, thereby forming a hole current path, 
from the drain to the sou rce electrode without being 
through a portion underthe source layer. 
(4) To surround the fourth surface of the high 

1 05 resistance semiconductor layer by the base layer to 
constitute an island region. 

Other objects and advantages will be apparent from 
the following description taken in conjunction with the 
accompanying drawings, in which: 

110 Fig. 1 is a plan viewof a conductivity modulated 
MOSFET according to a first embodiment of the 
present invention; 

Fig. 2 is a sectional view of the MOSFET taken along 
the line II -II of Fig. 1; 

1 1 5 Fig. 3 is a graph showing a relationship between 
VSC (a voltage applied to an element) and WSG/TI-d 
(A 50 O resistor was inserted between the gate 
terminal and the gate circuit), where W is an overall 
channel width (urn) per unit area (1 cm 2 ) in an effective 

120 element region, SG is an area (pm 2 ) of a portion of the 
gate electrode which is formed immediately on the 
high resistance semiconductor layer within the unit 
area, T is an overall circumferential length (pm) of the 
base layer within the unit area, i is a channel length 

1 25 (um) and d is a thickness (pm) of the gate insulating 
film; 

Fig. 4 is a plan viewof a conductivity modulated 
MOSFET according to a second embodiment of the 
present invention; 
130 Fig. 5 is a plan viewof a conductivity modulated 
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MOSFET according to a third embodiment of the 
present invention; 

Fig. 6 is a sectional view of the MOSFET taken along 
the line VI -VI of Fig. 5; 
5 Fig. 7 is a plan view showing a modification of the 
conductivity modulated MOSFET shown in Fig. 5; 

Fig. 8 is a plan view of a conductivity modulated 
MOSFETaccordingtoafourth embodiment of the 
present invention; 
1 0 Fig. 9 is a sectional view of the MOSFET taken along 
the line IX -IX of Fig. 8; 

Fig. 1 0 is a plan view showing a modification of the 
conductivity modulated MOSFET of Fig. 8; 
Fig. 11 is a plan view of a conductivity modulated 
15 MOSFET according to a fifth embodiment of the 
present invention; 

Fig. 1 2 is a sectional view of the MOSFET taken 
along the line XII - XII of Fig. 1 1 ; 
Fig. 1 3 is a plan view of a conductivity modulated 
20 MOSFET according to a sixth embodiment of the 
present invention; 

Fig. 14is a sectional view of the MOSFET taken 
along the line XIV -XIV of Fig. 13; 
Fig. 1 5 is a plan view showing a modification of the 
25 conductivity modulated MOSFET of Fig. 14; 

Fig. 1 6 is a sectional view of the MOSFET taken 
along the line XVI -XVI of Fig. 15; 

Fig. 1 7 is a plan view of a conductivity modulated 
MOSFET according to a seventh embodiment of the 
30 present invention; 

Fig. 1 8 is a sectional view of the MOSFET taken 
along the line XVIII - XVIII of Fig. 17; 

Fig. 1 9 is a sectional view of the MOSFET taken 
along the line IXX - IXX of Fig. 17; 
35 Fig. 20 is a sectional view of the MOSFET taken 
along the line XX - XX of Fig. 17; 

Fig. 21 is a graph showing the latch-up current 
density JL as a function of the gate width LG; 
Fig. 22 is a plan view of a conductivity modulated 
40 MOSFETaccording to an eighth embodiment of the 
present invention; and 

Figs. 23 and 24 are sectional views of conductivity 
modulated MOSFETs according to ninth and tenth 
embodiments of the present invention, respectively. 
45 It is very important to increase a current density of a 
conductivity modulated MOSFET when a parasitic 
thyristor latches up. For this reason, in a conventional 
conductivity modulated MOSFET, a greatdeal of effort 
has been made to increase this latch-up current 
50 density. However, a specific value of the latch-up 
current density is not proposed. The present inventors 
experimentally found that the element was not 
substantially latched up when the latch-up current 
was largerthan the saturation current of the MOSFET 
55 in the state that a predetermined gate voltage was 
applied to set an ON resistance of the conductivity 
modulated MOSFET to be a sufficiently small value. 

That the latch-up current of the MOSFET is larger 
than the saturation current thereof is defined by th 
60 following explanation. A MOSFET is directly con- 
nected to a 1 00-V constant voltage source at a 
temperature of 25°C. A gate voltage VG is increased 
from 0 V to 1 0 2 -d (V) (where d is the thickness (pm) of 
the gate oxide film) within 200 nsec, and a current 
65 flows through the MOSFET for 1 0 psec to obtain a 



forward voltage drop of about 100 V.Thereafter, when 
the gate voltage is set at 0 V or less within 200 nsec, the 
MOSFET is not latched up but turned off, thus defining 
the fact that the latch-up current is largerthan the 
70 saturation current. It should be noted that a resistor of 
1 0-Q or more cannot be inserted between the gate and 
the gate terminal of the MOSFET in orderto increase 
the gate voltage from 0 V to 1 0 2 d (V) within 200 nsec. 
Alatch-upcurrentvalue described hereinafter is 
75 measured including resistance load when the gate 
voltage is decreased from a predetermined value VG 
to 0 V or less with in 200 nsec as the above description. 
This latch-up current value is different from that of 
M.F. Chang et al, which is obtained by inserting a 
80 resistance between a gate circuit and an element of 
between the gate and source terminals. 

A conductivity modulated MOSFET according to a 
first embodiment of the present invention will be 
described with reference to Figs. 1 to 3. 
85 A high-resistance n"-type layer 1 2 having an 
impurity concentration of 2 x 1 0 14 )cm 3 is epitaxially 
grown on a p + -type Si substrate 10. Several p + -type 
guard ring layers 1 4 are formed to surround an 
effective element region so as to assure a high 
90 withstand voltage. At the same time, a deep (about 10 
pm) p*-type layer 1 6 serving as part of the base 
diffusion layer is formed. Thereafter, a gate oxide film 
1 8 is fo rmed to a thickness of 1 ,000 A, and then a gate 
electrode 20 of a polycrystalline silicon film having a 
95 thickness of 5,000 A is formed on the gate oxide film 
18. A p-type base diffusion Iayer22 isformed using the 
gate electrode 20 as a mask. A shallow p + -type layer 
24 is formed in the layer 22. An n + -type source 
diffusion layer 26 is formed by high concentration and 
1 00 shallow ion implantation of As (arsenic) using the 
electrode 20 as a mask, a channel region 28 is formed 
under the gate electrode 20, and thereafter a CVD-Si0 2 
film is formed to cover the entire surface. A contact 
hole is formed in this CVD-Si0 2 film, and a source 
1 05 electrode 30 is formed within the contact hole. A drain 
electrode 32 is formed on the lower surface of the 
substrate 1 0. The p-type base diffusion layer 22 has a 
depth of 7 jim, and the source diffusion layer 26 has a 
depth of 0.2 |im. A width LG of a portion of the gate 
1 1 0 electrode 20 immediately on the high-resistance 

n~-type layer 1 2 is 30 pm, and a width LS of the source 
region is 45 Jim. The source comprises a strip shape, 
as shown in Fig. 1. 
The process for deriving the mathematical express- 
115 ionsforthe design parameters in this embodiment 
will be described. A current for latching up the 
conductivity modulated MOSFET is first obtained. 
When the widths LS and LG (Figs. 1 and 2) of the 
source region and the gate electrode are sufficiently 
120 small, a substantially uniform hole current flows 

through an element. The total current density is given 
as J. When the parasiticthyristor is latched up, the 
current density is given as JL. In addition, wh n the 
area (the area of the portion underwhich the 
1 25 high-resistance semiconductor layer 1 2 is immediate- 
ly formed) of the gate electrode 20 within unit area (1 
cm 2 ) of the effective element region is given as SG, a 
current I flowing into the high-resistance semiconduc- 
tor layer 1 2 under the portion of the gate electrode 20 
1 30 within the unit area is given as follows: 
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l = SGJL ...(1) 
When the overali r< eral length of all the p-type 
base diffusion layv: .. ^yers 22 and 16 which contacts 
thehigh-resistanco . -niconductor layer 12 per unit 
5 area of the elemenc araa is given as T, the hole current 
of the total current given by equation (1 ) finally flows 
into the layer 22 in the arrow direction indicated in Fig. 
2. Therefore, a current lb flowing per unit peripheral 
length of p-type base diffusion layer 22 is defined 
10 below: 

lb = SGJLaP/T ...(2) 
where aP is the ratio of the hole current to the total 
current. When an average resistance from the unit 
peripheral length of the base diffusion layer 22 to the 

1 5 source electrode 30 is given as Rb, a voltage drop by 
the current lb in the base diffusion layer 22 is: 

V-Rb-SG-JL-aP/T ...(3) 
When the voltage V exceeds a built-in voltage Vbi at 
the junction of the source and the base, the parasitic 

20 thyristor is latched up. Substitution of Vbi into V in 
equation (3) yields equation (4) below: 

JL = Vbi-T/(Rb-SG) ...(4) 
Since the channel disa ppears in the transient state 
during switching and the entire current is regarded as 

25 the hole current, condition aP = 1 is established in 
equation (4). 

When a current flowing per unit area in the 
saturation region is given as JS, JS is expressed from 
the MOSFET theory as follows, 

30 JS = (W/2l)u.Ci(VG - VT) 2 /(1 - txP) . . .(5) 

where 

W: the channel width per unit area 
I: thechanneltength 
\x: the electron mobility 
35 Ci: the gate capacitance per unit area, and 
VT: the threshold voltage. 

When the current JL is larger than the current JS, the 
parasitic thyristor will not be latched up in principle. 
Therefore, 

40 VbiT/(Rb-SG) > (W/2l)pCi(VG - VT) 2 /(1 - aP) 

...(6) 

When the dielectric constant of the gate insulating film 
18 is e and its thickness is d, equation (6) can be 
rewritten as follows since condition Ci = e/d is 

45 established: 

W-SG/(T-l-d) < 2Vbi(1 - aP)Rb-|i-e<VG - VT) 2 . . ,(7) 
The values in the right-hand side of equation (7) are 
constant except for VG and Rb since apis sufficiently 
smaller than 1 . The voltage VG is set at about 1 5 V 

50 which can normally drive an IC. A minimum attainable 
voltage Rb is limited in practice. Therefore, the value 
given by the right-hand side of equation (7) can be 
regarded as a constant. When this constant is given as 
AM, 

55 W-SG/(T-l*d)<AM ...(8) 
When equation (8) is satisfied, a maximum current 
at a gate voltage of 1 5 V will not latch up the parasitic 
thyristor. Therefore, this conductivity modulated 
MOSFET will not be latched up and be turned off in 

60 principle. 

However, in practice, when a voltage drop of 1 00 V 
or more across the element is produced or an 
excessive current flows therethrough, the element 
temperatu re is increased to break down the element. 

65 Even in thiscase if the left-hand side of equation (8) is 



sufficiently small, breakdown will not easily occur. 
This will b described with reference to data of Fig. 3. 

Referring to Fig. 3, it will be explained that, at the 
point of VSC (a voltage applied to the element) = 300 V 

70 along the ordinate, the element will not be broken 
down even if a currentflows in the element for 10 us 
after the element is connected to a 300-V constant 
voltage source at the gate voltage VG = 1 5 V and case 
temperature = 25°C. Of course, a voltage drop of the 

75 element in this case is the same 300 V as a 300 V 
voltage source. A voltage source up to a 300-V source 
can be used for a 600-V element. When the voltage 
VSC exceeds 300 V, the element will not be broken 
down at least for 1 0 us even if the power source 

80 voltage is directly applied to a system using this 

element upon short-circuiting of an external load. The 
breakdown of the element will be prevented if the 
element is turned off during the 1 0 ps. Referring to Fig. 
3, in order not to break the element down even if a 

85 current flows for 1 0 us at a voltage of 300 V while the 
gate voltage VG is set at 1 5 V, the following condition 
must be satisfied: 
WSG/T-l-d) < 1.1 x 108... (9) 

90 The value given by the above condition is a non- 
dimensional parameter. 

In the conductivity modulated MOSFET according 
to the first embodiment shown in Figs. 1 and 2, SG = 
30/(30 + 45) = 0.4 (cm 2 ), and the length T of the p-type 

95 base diffusion layer is substantially equal to the 

channel width W. In addition, since the channel length 
I is about 5.5 pirn, the following results are obtained 

WSG/(T-l-d) = SG/(l«d) 
100 = 7.3X10 7 

In the above embodiment, when a voltage of 500 V is 
applied between the drain and the source while a 
voltage of 1 5 V is applied to the gate, a current of 300 

105 A/cm 2 flows through the element. In this case, the 
element will not be broken down for 1 0 us. The 
element has a static breakdown voltage of 600 V and is 
normally used at a power source voltage of 300 V or 
less. Therefore, since the element is not broken down 

110 at the power source voltage of 500 V in the above 
embodiment, the electrical characteristics of the 
element can be regarded to be sufficient. 

Similarly, in an element having a static breakdown 
voltage of 1 ,200 V, the voltage VSC is set to be 600 V. 

1 1 5 Fig. 4 shows a diffusion layer pattern according to a 
second embodiment. The pattern of the second 
embodiment is substantially the same as that of the 
first embodiment except that a p-type base diffusion 
22 comprises a plurality of island regions, and the 

120 manufacturing process of the second embodiment is 
the same as that of the first embodiment. The same 
reference numerals as in the second embodiment 
denote the same parts as in the first embodiment. In 
the second embodiment, four corners of an n + -type 

1 25 source region 26 are omitted so as not to entirely cover 
the peripheral portion of a p-type base diffusion layer 
22. The length T of the layer 22 differs from the width 
W to obtain a ratio W/T = 0.8. In addition, conditions 
LG = 20u and LS = 45 urn are given. Therefore, 

130 W-SG/(T'l-d) = 7.6x 10 7 



4 



Substantially the same characteristics as in the first 
embodiment can be obtained in the second embodi- 
ment 

In the above embodiment, the gate voltage is set at 
5 15V. However, when the am bient temperature of the 
lement is kept at 25°C, the gate voltage may be 10 V to 
set the latch-up current to b larger than the saturation 
current if condition (10) below is satisfied: 
WSG/T-l-d) < 1.46 x 10 8 ... (10) 

1 0 In the conductivity modulated MOSFET satisfying 
condition (10), when heavy metal diffusion or electron 
beam irradiation is performed in the high-resistance 
n-type semiconductor layer 12, i.e., when a lifetime 
killer is injected therein to shorten the carrier lifetime, 
1 5 the saturation current can be set small. In this case, 
even if a temperature rise occurs, the latch-up 
phenomenon of the MOSFET can be prevented. 

A conductivity modulated MOSFET according to a 
third embodiment of the present invention will be 
20 described with reference to Figs. 5 and 6. 

According to the third embodiment, a base stripe 
layer is formed in the substrate. A method of 
fabricating the above MOSFET will be described with 
reference to the steps thereof. A p + -type Si substrate 
25 10isprepared.Ann~-typelayer12havingalow 
impurity condentration and a resistivity of 500cm or 
more is epitacially formed to a thickness of about 1 00 
\im on the substrate 1 0. The su rface of layer 1 2 is 
oxidized to form a gate oxide film 18. Agate electrode 
30 20 of a polycrystalline silicon film having a thickness of 
5,000 A is formed on the gate oxide film 1 8. Thereafter, 
boron is implanted using the gate electrode 20 as a 
mask and is diffused to a depth of 8 pm to form a 
p-type base layer 22. An oxide pattern (not shown) 
35 having a holeforforming thesource layer isformed in 
a window surrounded by the gate electrode 20, and As 
ions are implanted at a dose of 5 x 10 l5 /cm 2 using the 
oxide pattern and the electrode 20 as masks. The 
resultant structure is annealed to form an n + -type 
40 source layer 26a. As is apparentfrom Fig. 5, the source 
layer 26a comprises a plurality of discrete island 
regions. Thereafter, a high-impurity p + -type layer 24 is 
formed in the layer 22, and a source electrode 30 is 
formed to contactthep + -type layer 24 and the n + -type 
45 source layer 26a. A drain electrode 32 isformed by 
deposition of V-Ni-Au on the lower surface of the 
substrate 10. Achannel region 28 alternately compris- 
es effective channel portions 28a subjected to normal 
MOSFET operation and portions 40 which are not 
50 subjected to MOSFET operation since the source layer 
is not present. 

In the MOSFET in this embodiment, when the 
element is turned on, among the hole current compo- 
nents injected from the n"-type layer 1 2 open under 
55 the gate electrode 20 to the p-type base layer 22, 
components flowing through the portions40 do not 
flow under the sou rce layer 26a but directly flow into 
the source electrod 30. Therefore, as compared with 
the conventional structure, the lateral resistance 
60 under the source layer can be effectively decreased, 
and the latch-up phenomenon does not occur up to a 
large current. 

In the above embodiment, when the conductivity 
modulated MOSFET is designed to satisfy equations 
65 (9)or(10),thelatch-upphenomenoncanbefurther 



prevented. 

Referring to Figs. 5 and 6, a plurality of n + -type 
source layers 26a are independent of each other. 
However, as shown in Fig. 7, n + -type source layers 26 
70 may be commonly connected through a small width 
region. In this case, when the width of the source 
layers at channel portions 42 is substantially small, the 
sameeffectas in the above embodiment can be 
expected. 

75 A conductivity modulated MOSFET according to a 
fourth embodiment of the present invention will be 
described with reference to Figs. 8 and 9. The same 
reference numerals as in thefourth embodiment 
denote the same parts as in the previous embodi- 
80 ments, and a detailed description thereof will be 
omitted. According to thefourth embodiment, a 
p + -type layer 24 obtained by diffusion in a p-type base 
layer 22 has an indented edge pattern, i.e., the edges 
terminated at a channel region 28 and the edges 
85 terminated under source layers 26 are alternately 
formed. In other words, the channel region 28 
alternately comprises portions 44 with p + -type layers 
24 and portions 28a without p*-type layers 24. The 
n + -type source layers 26 are continuously formed at 
90 two sides within the p-type base layer 22 in the same 
manner as in the conventional structure. 

In this embodiment, the channel portions 44 have a 
higher threshold value than that of the channel 
portions 28a. In other words, the threshold value of the 
95 element is determined by the channel portion 28a. 
More particularly, when an ON gate signal is supplied 
to a gate electrode 20, the channel portion 28a is 
turned on upon MOSFET operation, while the channel 
portion 44 is kept off. In the ON state wherein 
100 conductivity modulation is occurred in the N_-type 
layer 12 and an excessive current flows, a hole current 
from the n_-type layer 1 2 also flows in the channel 
portion 44. Since the p + -type layer 24 is formed 
entirely under the source layer 26 in the channel 
105 portion44,a lateral resistance under the sourc layer 
26 is small as compared with that under the channel 
portion 28a. Therefore, a voltage drop caused by a 
current flowing through the channel portion 44 is 
small. Asa result, the latch-up phenomenon does not 
110 occurevenifanexcessivecurrentflowsinthis 

embodiment. 

In the embodiment shown in Fig. 8, the n+-type 
source layers 26 are continuously formed at two side 
of the p + -type base layer 22. However, when the layers 

115 26 are replaced with discrete layers 26a on portion 28a 
in the same manner as in Fig. 5, i.e., when the 
embodiment of Fig. 5 is combined with that of Fig. 8, a 
furthereffectcan be obtained. Its plan view isshownin 
Fig. 10.Therefore, a conductivity modulated MOSFET 

120 which is free from the latch-up phenomenon up to a 
current density of 1 ,500 A/cm 2 can be obtained. 

A conductivity modulated MOSFET according to a 
fifth embodiment of the present invention will be 
described with reference to Figs. 1 1 and 1 2. According 

125 to this embodiment, n + -type sourc layers 26 are 

continuously formed atone side of a p-type base layer 
22 and are not formed atthe other side thereof. In this 
case, in the channel region 28, only channel portions 
28a located atthe source layer 26 are subjected to 

130 MOSFET operation, but channel portions 40 ar not 
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subjected to MOSFET operation. In the same manner 
as the previous embodiments, among the cu rrent 
components injected from the n~-type layer 1 2 to the 
p-type base layer 22, components passing through 
5 channel portions 40 directly flow into the source 
electrode 30 without flowing under the source layer 
26, thereby effectively preventing the latch-up phe- 
nomenon. 

In the above embodiment, the first conductivity type 
1 0 comprises p type, and the second conductivity type 
comprises n type. However, these conductivity types 
may be reversed to obtain the same effect as in the 
previous embodiments. In addition, the n~-type layer 
1 2 may serve as a starting substrate, and the p + -type 
15 drain 10 may be formed by diffusion. 

In the fourth and fifth embodiments, if conductivity 
modulation MOSFETs are fabricated to satisfy equa- 
tions (9) or ( 1 0), a latch-up phenomenon can further be 
prevented. 

20 A conductivity modulated MOSFET according to a 
sixth embodiment of the present invention will be 
described with reference to Figs. 13 and 14. The same 
reference numerals as in the third embodiment 
denote the same parts in the sixth embodiment. 

25 The fabrication steps ofthe MOSFET will be 

described. A p + -type Si substrate 1 0 is prepared. An 
n~-type layer 12 having a low impurity concentration 
and a resistivity of 50 flm is epitaxially gown on the 
substrate 1 0 to a thickness of 1 00 urn. The surface of 

30 the layer 1 2 is oxidized to form a gate oxide f il m 1 8, 
and a gate electrode 20 of polysilicon having a 
thickness of 5,000 A is formed on the film 1 8. 
Thereafter, boron is diffused to a depth of 4 Jim, using 
the gate electrode 20 as a mask, to form p-type base 

35 layers 22a and 22b. An oxide pattern (not shown) 
having openings for forming the source layers is 
formed within windows formed by the gate electrode 
20, and As ions are implanted using the oxide pattern 
and the gate electrode 20 as masks at a dose of 5 x 

40 1 0 15 /cm 2 to form the source layers. The resultant 
structure is annealed to form n + -type source layers 26. 
As is apparent from Fig. 14, the layers 26 are not 
formed in the base layers 22b. Thereafter, p + -type 
layers 24a and 24b are formed by diffusion in the 

45 p-type base layers 22a and 22b. Source electrodes 30a 
and 30b are formed to contact the layers 24a, 24b and 
26. A drain electrode 32 is formed by depostion of 
V-Ni-Au onthe lower surface of the substrate 10. A 
channel region 28 has effective channel portions 28a 

50 subjected to normal MOSFET operation and portions 
40 which are not subjected to MOSFET operation in a 
given order. 

In the MOSFET of this embodiment, among the hole 
current components injected from the n~-type layer 12 

55 existing under the gate electrode 20 to the p-type base 
layers 22a, 22b, the components passing through the 
channel portions40 directly flow into the source 
electrode 30b without flowing under thesource layers 
26. Since an amount of hole current along the lateral 

60 direction underthe source layers is decreased as 
compared with the conventional structure, the latch- 
up phenomenon does not occur even if an excessive 
current flows therethrough. 
In the above embodiment, the layers 26, 24a and 24b 

65 comprise island regions. However, as shown in Figs. 



15 and 16, island regions may be replaced with the 
stripe regions. Other arrangements of Figs. 1 5 and 16 
are the same as those of Figs. 1 5 and 1 6 denote the 
same parts as in Figs. 1 3 and 14, and a detailed 
70 description thereof will be omitted. 

When the conductivity modulated MOSFETs are 
formed to satisfy equations (9) or (1 0) in the sixth 
embodiment, the latch-up phenomenon is further 
prevented. 

75 A conductivity modulated MOSFET according to a 
seventh embodiment of the present invention will be 
described with reference to Figs. 1 7 to 20. 

An n~-type high-resistance layer 1 1 2 is formed on a 
p*-type drain layer 1 1 0. P and p + -type base diffusion 

80 layers 1 22 and 1 1 6 are formed on the layer 1 1 2. An 
n + -type source diffusion layer 1 26 is formed in the 
layer 122. A gate electrode 120 (dotted region) of a 
polycrystalline silicon film is formed on a gate 
insulating film 1 18 which is provided on a channel 

85 region 1 28. The channel region 1 28 is provided in an 
exposed portion ofthe wafer between the layers 1 26 
and 112. A source electrode 130 is formed to contact 
the layers 1 26 and 1 22. A drain electrode 1 32 is formed 
on the layer 1 1 0 as the lower surface ofthe wafer. 

90 The first feature of this embodiment lies in the fact 
thatthe high-resistance layers 112 underthe gate 
electrodes 120 are formed to be rectangular and 
arranged in a matrix form, and channel regions 128 
are arranged along the long sides ofthe rectangular 

95 layers 1 1 2. The reason why the layer 1 1 2 has a 
rectangular shape is that the width of the channel 
region 128 can be maximized in the rectangular island 
shape if the layer 1 1 2 is formed in an island fashion. 
The second feature lies in the fact that the rectangular 

1 00 portions ofthe layer 1 1 2 are completely surrounded 
by the layers 1 22 and 1 1 6 to constituted island 
portions. In other words, the gate electrode 1 20 is 
continuously formed on the surface ofthe substrate 
so asto cover the channel region 128andthe 

1 05 rectangular portions. Al stripe gate electrodes 1 50 are 
formed at positions where the sou rce electrodes 1 30 
are not present. As shown in Figs. 18 to 20, a p + -type 
base diffusion layer 1 1 6 is formed underthe source 
electrode 130 and the Al electrode 150formed on the 

1 1 0 gate electrode 1 20. The rectangular portion ofthe 
high-resistance layer 1 1 2 is formed to be surrounded 
by the base diffusion layers 1 22 and 116. 

In practice, the p + -type Si substrate (to be the drain 
layer 1 1 0) serves as the starting substrate. The layer 

115 1 1 2 is epitaxially grown, and the resultant bulk 
substrate is used to sequentially perform impurity 
diffusion and electrode formation. However, the layer 
1 1 2 may be used as a starting substrate. 
As is apparent from Fig. 17, the overall width ofthe 

120 channel region 128 formed around the layer 112 
existing underthe gate electrode 1 20 is substantially 
the same as the peripheral length ofthe opening ofthe 
p + -ty pe base diffusion layer 1 1 6 which contacts to the 
source electrode 130. For this reason, the spreading 

125 resistance caused by a difference between the lengths 
ofthe layer 1 1 6 and the channel region 1 28 is 
eliminated, and a base diffusion layer resistance 
underthe source layer 1 26 can be small. 
Only the gate electrode 120 of a polycrystalline 

130 silicon film is formed on the rectangular portion ofthe 
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layer 1 1 2 .In other words, no A! electrode 1 50 is 
formed thereon, so that the gate electrode width LG at 
this portion can be sufficiently small. The width LG is 
inversely proportional to the latch-up current density. 
5 The fact that the drain current is inversely prop- 
ortional to the width LG upon latching of the parasitic 
thyristorcan be demonstrated, as in the equation (4), 
as follows. A substantially uniform currentflows 
under the gate insulating film 1 1 8 and then into the 
1 0 p-type base layer 1 28, so that the following current IP 
flows perunitwidth of thechannel region 128under 
thegate insulating film 118: 

IP = SG-JP/T ...(H) 
where 

15 JP: the hole current density 

SG: the area of the gate electrode on the rectangular 
portion of the n~-type high-resistance layer per unit 
area and 

T: the peripheral length of the p-type base diffusion 
20 layer per unit area including p + -base diffusion. 

The current IPflows into the base diffusion layer under 
the source diffusion layer. When a voltage drop 
caused by the resistance Rb under the source diffusion 
layer exceeds the built-in voltage Vbi between the 
25 base and the source, the pa rasitic thyristor is turned 
on. This condition is given as follows: 
Vbi = IP-Rb 

= SG-JP-Rb/T ...(12) 
where 

30 Rb the resistance from the channel region per unit 
peripheral length to the p + -type contact. 
When the above equation is solved for JP, 

JP = VbiT/SG-Rb ...(13) 
The inversion layer of the channel disappears when 

35 the element is turned off. The total current comprises 
the hole cu rrent, so that the latch-u p cu rrent density J L 
is JP/aP, where aP is the ratio of the hole current to the 
total current. As mentioned above, aP = 1 , so that JL is 
given as follows: 

40 JL = VbiT/SG-Rb ...(14) 
SG/T is substantially LG, so that JL is inversely 
proportional to LG. This result is apparent from the 
experimental data (Fig. 21 ) obtained by the present 
inventors. 

45 In a sample MOSFET, LG = 20 urn is given. 
According to this embodiment, a latch-up current 
density of 750 A)cm 2 is obtained to effectively prevent 
the latch-up phenomenon. When the entire operating 
area was given as20mm 2 ,thetunvcffoperationupto 

50 a current of 150 A could be performed. 

The present invention is not limited to the particular 
embodiments described above. For example, the 
shape of the layer 1 1 2 exposed on the surface of the 
wafer need not be a rectangular shape. As shown in 

55 Fig. 22, the layer 1 1 2 may have a hexagonal shape. In 
this embodiment, a channel region 1 28 is formed to 
surround a hexagonal high-resistance layer 1 1 2. The 
samereferenc numerals as in Fig. 22 denote the 
same parts as in Fig. 17. Assum that a width of a 

60 source diffusion layer 1 26 is given as Ln and that a sum 
(i.e., peripheral length) of the widths of the channel 
region 1 28 is given asT (= W). A path of the hole 
currentf lowing from the layer 1 1 2 to p and p + -type 
layers 122 and 1 16 through a portion underthe 

65 channel region 128comprises a radial path spreading 



from the center to the outer direction. The base 
resistance Rb underthe source layer is smaller than 
that in the case wherein the current path is directed 
from the outer side to the inner side, if Tin the former 
70 is equal to that in the latter. 

In equation (14), SG is the area of the rectangular 
portion of the layer 1 1 2 and T is the peripheral length 
of the rectangular portion (i.e., the width of the 
channel). A product SG-Rb of MOSFET having the 
75 current path directed from the inner to outer sides can 
be decreased,.as compared with the MOSFET having 
the cu rrent path directed from the outer to the inner 
sides if T in the former is equal to that in the latter. 
Therefore, the latch-up current density JLcan be 
80 increased. 

The island high-resistance layer may resemble a 
rectangle having at least two parallel side wherein the 
channel regions are formed along the four sides or 
two long sides. 
85 In the embodiment described above, the drain 
electrode is formed on a surface opposite to that 
. having thesource and gate electrodes. In other words, 
a vertical MOSFET is exemplified. However, the 
present invention can also be applied to a lateral 
90 MOSFET, as shown in Fig. 23. Fig. 23 is a sectional 
view showing the main part of a lateral MOSFET. An 
n~-type high-resistance layer 21 2 is formed on a 
p + -type layer 21 0. A p-type base diffusion layer 222 
and an n + -type source diffusion layer 226 are formed 
95 in the surface of the layer 21 2. A gate electrode 220 is 
formed on a gate insulating film 21 8 which is formed 
on a channel region 228 between the layers 226 and 
212. A source electrode 230 is formed to contact the 
layers 226 and 222. The basic structure of this MOSFET 
1 00 is the same as that of each of the above embodiments. 
In addition, according to this embodiment, an n-type 
layer 260 is formed in the surface of the n~-type layer 
21 2, and a p*-type drain layer 262 is formed in the 
layer 260. A drain electrode 232 is formed on the drain 
105 layer 262. The layer 260 prevents extension of a 
depletion layer produced when the conductivity 
modulated MOSFET is operated in a forward blocking 
region, thereby decreasing the width LDs of the 
window of the layer 21 2. The p-type base diffusion 
1 1 0 layer 222 may completely surround the window of the 
layer 21 2 to obtain the same effect as in the previous 
embodiments. The entire remaining embodiments 
according to this invention may be applied to the 
above lateral element. 
115 As shown in Fig. 24, the p*-type layer 21 0 of Fig. 23 
may be replaced with a n + -type layer 264. 

In the embodiments after the seventh embodiment, 
if conductivity modulated MOSFETs are prepared to 
satisfy equations (9) or (10), the latch-up phenomenon 
120 can be further prevented. 

In the entire embodiments, the n~-type high- 
resistance layer may be used as a starting substrate to 
form the other semiconductor layers. 
CLAIMS 

1 25 1 . A conductivity modulated metal oxide semicon- 
ductor field effect transistor, comprising: 

a semiconductor substrate of a first conductivity 
type which has first and second surfaces; 
a high resistance semiconductor layer of a second 
130 conductivity type which is formed on said first surface 
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of said semiconductor substrate and has a high 
resistance, said high resistance semiconductor layer 
being provided with a third surface contacting said 
first surface and a fourth surface opposite to said third 
5 surface; 

a base layer of the first conductivity type which is 
formed in said fourth surface of said high resistance 
semiconductor layer; 

a sou rce layer of the second conductivity type which 
10 is formed in said base layer; 

a gate electrode formed on a gate insulating film 
which is formed on a channel region, said channel 
region being formed in a surface of said base layer 
between said fourth surface of said high resistance 
1 5 semiconductor layer and said source layer; 

a source electrode ohmic-contacting layer and said 
base layer; and 

a drain electrode formed on said second surface of 
said semiconductor substrate, 
20 wherein the improvement comprises 

said conductivity modulated metal oxide semicon- 
ductorfield effect transistor having a saturation 
currentsmallerthanalatch-upcurrentwhena 
predetermined gate voltage is applied to said gate 
25 electrode. 

2. The transistor according to claim 1 , wherein 
portions which are not or can hardly be subjected to 
metal oxide semiconductor field effect transistor 
operation are cyclically formed between said source 

30 electrode and said fourth surface of said high resist- 
ance semiconductor layer. 

3. The transistor according to claim 2, wherein 
said portion which is not subjected to metal oxide 
semiconductor field effect transistor operation com- 

35 prises a portion without said source layer along a 
direction of a width of a channel, thereby forming a 
hole current path along which carriers flow from a 
drain side to said source electrode without passing 
under said source layer. 

40 4. The transistor according to claim 2, wherein the 
portion which can hardly be subjected to metal oxide 
semiconductorfield effect transistor operation has a 
channel region having a higherthreshold value than 
that of other regions. 

45 5. The transistor according to claim 1, wherein 
said fourth surface of said high resistance semicon- 
ductor layeris surrounded by said base layerto 
constitute an island region. 

6. The transistor according to claim 5, wherein 
50 saidfourth surface of said high resistance semicon- 
ductor layer has a rectangular shape. 

7. The transistor according to claim 5, wherein 
said gate electrode comprises a polycrystalline silicon 
film formed to cover said island region and a metal 

55 film formed on said polycrystalline silicon film, said 
base layer of the first conductivity type being formed 
under said metal film to isolate said island region. 

8. The transistor according to claim 1, wherein 
when an overall channel width per unit area (1 cm 2 ) of 

60 an effective element region is W (urn), an area of a 
portion of said gate lectrode which isformed 
immediately on said high resistanc semiconductor 
layer within said unit area is SG (urn 2 ), an overall 
peripheral length of said base layerwithin said unit 

65 area isT (jam), a channel length is I (jim) and a 



thickness of said gate insulating folm is d (pm), 
condition (W-SG)/(T-l-d) < 1 .46 x 10 8 is satisfied. 

9. The transistor according to claim 8, wherein 
portions which are not or can hardly be subjected to 

70 metal oxide semiconductorfield effecttransistor 
operator are cyclically formed between said source 
electrode and said fourth surface of said high resist- 
ance semiconductor layer. 

10. The transistor according to claim 9, wherein 
75 said portion which is not subjected to metal oxide 

semiconductorfield effecttransistor operation com- 
prises a portion without said source layer along a 
direction of a width of a channel, thereby forming a 
hole current path along which carriers flowfrom a 
80 drain side to said source electrode without passing 
undersaid source layer. 

1 1 . The transistor according to claim 9, wherein 
the portion which can hardly be subjected to metal 
oxide semiconductor field effecttransistor operation 

85 has a channel region having a higherthreshold value 
than that of other regions. 

12. The transisto r according to clai m 8, wherein 
saidfourth surface of said high resistance semicon- 
ductor layer is surrounded by sa id base layer to 

90 constitute an island region. 

13. The transistor according to claim 12, wherein 
saidfourth surface of said high resistance semicon- 
ductor layer has a rectangular shape. 

14. Thetransistor according to claim 12, wherein 
95 said gate electrode comprises a polycrystalline silicon 

film formed to cover said island region and a metal 
film formed on said polycrystalline silicon film, said 
base layer of the first conductivity type being formed 
undersaid metal film to isolate said island region. 

1 00 15. The transistor according to claim 8, wherein a 
lifetime killer is introduced in said high resistance 
semiconductor layer to decrease a saturation current 
of said transistor. 
16. The transistor according to claim 15, wherein 

105 portions which are not orcan hardly be subjected to 
metal oxide semiconductorfield effecttransistor 
operation are cyclically formed between said source 
electrode and said fourth surface of said high resist- 
ance semiconductor layer. 

110 17. The transistor according to claim 16, wherein 
said portion which is not subjected to metal oxide 
semiconductorfield effect transistor operation com- 
prises a portion without said source layer along a 
direction of a width of a channel, thereby forming a 

115 hole current path along which carriers flow from a 
drain side to said source electrode without passing 
under said source layer. 

18. The transistor according to claim 16, wherein 
the portion which can hardly be subjected to metal 

120 oxide semiconductorfield effecttransistor operation 
has a channel region having a higherthreshold value 
than that of other regions. 

19. Thetransistor according to claim 15, wherein 
said fourth surface of said high resistance semicon- 

1 25 ductor layer is surrounded by said base layerto 
consistute an island region. 

20. The transistor according to claim 1 9, wherein 
saidfourth surface of said high resistance semicon- 
ductor layer has a rectangular shape. 

130 21. The transistor according to clairp 19, wherein 
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said gate electrodecomprises a polycrystalline silicon 
film formed to cover said island region and a metal 
film formed on said polycrystalline silicon film, said 
base layer of thefirst conductivity type being formed 
5 under said metal film to isolate said island region. 

22. The transistor according to claim 1, wherein 
whan an overall channel width per unit area (1 cm, 2 ) of 
an effective element region is W (pm), an area of a 
portion of said gate electrode which is formed 

10 immediately on said high resistance semiconductor 
layer within said unit area is SG (pm 2 ), an overall 
peripheral length of said base layerwithin said unit 
area is T (pm), a channel length is I (urn) and a 
thickness of said gate insulating film is d (pm), 

15 condition (W-SG)/(TI-d) < 1.1 x 10 s is satisfied. 

23. The transistor according to claim 22, wherein 
portions which are not or can hardly be subjected to 
metal oxidesemiconductorfield effecttransistor 
operation are cyclically formed between said source 

20 electrode and said fourth surface of said high resist- 
ance semiconductor layer. 

24. The transistor according to claim 23, wherein 
said portion which is not subjected to metal oxide 
semiconductorfield effecttransistor operation com- 

25 prises a portion without said source layer along a 
direction of a width of a channel, thereby forming a 
hole current path along which carriers flow from a 
drain side to said source electrode without passing 
under said source layer. 

30 25. The transistor according to claim 23, wherein 
the portion which can hardly be subjected to metal 
oxide semiconductorfield effecttransistoroperation 
has a channel region having a higherthreshold value 
than that of other regions. 

35 26. The transistor according to claim 22, wherein 
said fourth surface of said high resistance semicon- 
ductor layer is surrounded by said base layer to 
constitute an island region. 

27. The transistor according to claim 26, wherein 
40 said fourth surface of said high resistance semicon- 
ductor layer has a rectangular shape. 

28. The transistoraccording to claim 26, wherein 
said gate electrode comprises a polycrystalline silicon 
film formed to cover said island region and a metal 

45 film formed on said polycrystalline silicon film, said 
base layer of the first conductivity type being formed 
under said metal film to isolate said island region. 

29. A conductivity modulated MOSFET, substan- 
tially as hereinbefore described with reference to the 

50 accompanying drawings. 
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